Sulfated glucopyranans having long alkyl groups were prepared by the ring-opening copolymerization of benzylated 1,6-anhydroglucopyranose with 3-O-octadecyl 1,6-anhydro--d-glucopyranose monomers, and subsequent deprotection and sulfation. Water-soluble sulfated glucopyranans with 2.8 and 4.7 mol% of 3-O-octadecyl group and lower molecular weights of = 2.5 × 10 3 -5.1 × 10 3 have potent anti-HIV activity at 0.05-1.25 g/mL, even though sulfated polysaccharides with molecular weights below = 6 × 10 3 had low anti-HIV activity. The interaction with poly-l-lysine as a model compound of proteins was analyzed by SPR, DSL, and zeta potential, indicating that the sulfated 3-O-octadecyl glucopyranans had high association and low dissociation rate constants, and the particle size increased after addition of poly-l-lysine. The anti-HIV activity was induced by electrostatic interaction between sulfate groups and amino groups of poly-l-lysine and by the synergistic effect of the hydrophobic long alkyl chain and hydrophilic sulfated group.
Introduction
We have continuously investigated the ring-opening polymerization of anhydrosugar derivatives, which is a superior method to prepare stereoregular polysaccharides with high molecular weights and defined structures [1, 2] and elucidation of the relationship between the structure and biological activity of polysaccharides [3, 4] . Since the first report on the ring-opening polymerization of 2,3,4-tri-Obenzyl 1,6-anhydro--d-glucopyranose monomer (LGTBE) into stereoregular (1 → 6)--d-glucopyranan by Ruckel and Schuerch in 1966 [5] , synthesis and polymerization of several anhydrosugar derivatives were reported. We have also synthesized many anhydropentose and hexose derivatives that were polymerized to give stereoregular polysaccharides after deprotection of the hydroxyl protective groups [6] . It is important to obtain polysaccharides with desired molecular weights and defined structures for the investigation of the structure-biological activity relationship, because there are many naturally occurring polysaccharides that have specific biological activities; however, in general, they have very complex structures and it is difficult to know the relationship.
Curdlan sulfate, which was synthesized by sulfation of naturally occurring curdlan with a linear (1 → 3)--dglucopyranoside structure [7] , was found to have potent anti-HIV activity in the infection of MT-4 cells with HIV at completely inhibitory concentrations as low as 3.3 g/mL and the activity depended on the molecular weights and degree of sulfation [6] . We introduced a long alkyl chain into curdlan sulfates with high anti-HIV activity by the ionic interaction of sulfate groups and quaternary ammonium salt of the long alkyl chain. A membrane filter was coated with the alkyl curdlan sulfates due to the hydrophobic interaction of the long alkyl chains with the surface of the membrane 2 International Journal of Polymer Science filter to develop curdlan sulfate-coated membrane filters. We found that the membrane filter removed influenza A viruses at dilutions below 1 : 32 [8] . In addition, curdlan sulfate was shown to effectively inhibit Dengue virus replication in different cells [9] . The minimum 50% effective concentration (EC 50 ) was as low as 0.1 g/mL in LLC-MK2 cells. The cytotoxicity of curdlan sulfate was quite low because no inhibitory effects on cell growth were observed in concentrations as high as 5000 g/mL. We assumed that the biological activity of sulfated polysaccharides was due to the electrostatic interaction between negatively charged sulfate groups and positively charged envelope proteins of the viruses. The interaction between sulfated polysaccharides and poly-l-lysine as a model compound of proteins was quantitatively investigated by surface plasmon resonance (SPR) measurements, suggesting that sulfated polysaccharides had fast association and slow dissociation rates on the immobilized poly-l-lysine [10] . These results indicate a high stability of the interaction. Sulfated ribofuranan and ribopyranan with five-and sixmembered ring structures, respectively, obtained by the ringopening polymerization of benzylated and benzylidenated anhydroribose monomers [3] , were found to have high anti-HIV activities [6] . Although sulfated ribofuranan showed higher blood anticoagulant activity at 56 units/mg, sulfated ribopyranan had the lower activity of 29 units/mg, probably because the furanosidic structure had a flexible main chain so that the interaction with proteins became stronger. Furthermore, higher molecular weights and degrees of sulfation of sulfated polysaccharides showed higher biological activities. On the other hand, sulfated polysaccharides with low molecular weights had low anti-HIV activity. However, after introduction of an octadecyl group into sulfated ribofuranans with low molecular weights, the anti-HIV activity increased to a level almost comparable to that of curdlan sulfate with a higher molecular weight and high anti-HIV activity.
In this paper, we report the synthesis of sulfated alkyl polysaccharides by the ring-opening copolymerization of
LGTBE with 2,4-di-O-benzyl 3-O-octadecyl-1,6-anhydro--d-glucopyranose (LGDBE3-18) and subsequent debenzylation to recover hydroxyl groups without elimination of the 3-O-octadecyl group. After sulfation, we found that sulfated 3-O-octadecyl glucopyranans with lower molecular weights had potent anti-HIV activity. The structure of polysaccharides obtained was determined by high resolution NMR and the interaction with poly-l-lysine as a model compound of proteins was quantitatively measured by SPR, DSL, and zeta potential measurements. The final purpose of the work was to develop bioactive materials such as membrane filters for removal of HIV, Dengue, and influenza viruses.
Materials and Methods

Materials. 2,3,4-Tri-O-benzyl (LGTBE) and 2,4-di-
LGDBE3-18) monomers were prepared according to the modified method of previous papers, respectively [5, 11] . Piperidine-N-sulfonic acid was synthesized by the reported method [12] . Other reagents were purchased from commercially available products and used without further purification.
Ring-Opening Copolymerization of 2,3,4-Tri-O-benzyl (LGTBE) with 2,4-
LGDBE3-18) Monomers. A typical procedure for the copolymerization of LGTBE and LGDBE3-18 monomers with PF 5 as catalyst is as follows (number 2 in Table 1 ). The copolymerization was carried out under a vacuum as low as 10 −5 mmHg and at −60 ∘ C. The anhydroglucose monomers (LGTBE 0.475 g and LGDBE3-18 0.025 g) in dry CH 2 Cl 2 (0.5 mL) were stirred in a glass ampoule at room temperature and then PF 5 (5 mol% of the monomers) as a catalyst was transferred into the polymerization ampoule through a glass tube while maintaining the high vacuum condition at liquid N 2 temperature. The copolymerization was started at −60 ∘ C and continued for 4 h with stirring. Methanol was added at the termination to obtain a precipitate (copolymer). The copolymer obtained was purified by precipitation using hexane-CHCl 3 three times and then freezedried from benzene to give a copolymer (0.46 g) in 91.9% yield. The molecular weight was = 83. Table 1 ) dissolved in 10 mL of dry dimethoxyethane was added dropwise to 50 mL of liquid ammonia containing 0.5 g of sodium at −78 ∘ C under nitrogen. After 2 h of stirring at the same temperature, ammonium chloride was added until the blue-black color had changed to white and then small amount of MeOH was added to inactivate the sodium that remained. After evaporation of the liquid ammonia at room temperature, water (50 mL) was poured into the flask. The aqueous solution was washed with CH 2 Cl 2 to remove organic impurities and then dialyzed for 2 d with deionized water. The aqueous solution was concentrated to 30 mL and freeze-dried under vacuum to give debenzylated copolysaccharide (0.12 g) in 64.9% yield (number 1 in Table 2 ). The proportion of 3-Ooctadecyl glucopyranose unit was 2.8 mol%. This copolysaccharide was difficult to dissolve in water and partially soluble in DMSO.
Sulfation.
The typical procedure for the sulfation is as follows. Piperidine-N-sulfonic acid (1.5 g) was added to the debenzylated copolysaccharide (115 mg) in dry DMSO (10 mL), and the mixture was stirred for 90 min at 85 ∘ C under a nitrogen atmosphere. The mixture was cooled to room temperature, neutralized with 5% NaOH aqueous solution, and then dialyzed for 2 d with deionized water. The dialysate was concentrated to 30 mL and then freeze-dried to give 145 mg of sulfated glucopyranan with 3-O-octadecyl group in the proportion of 2.8 mol% and the = 5.1 × 10 3 (number 1 in Table 3 ). The sulfur concentration was 12.2% and the degree of sulfation 1.03.
Anti-HIV Activity.
The anti-HIV activity was assayed by the MTT method using MT-4 cells, which is a human T4-positive cell line carrying human T-lymphotropic virus type-1, according to the method described in a previous paper [13] . The anti-HIV activity was denoted by the EC 50 , which is concentration of the sulfated copolysaccharides effective in preventing HIV infection in 50% of MT-4 cells. The cytotoxicity was defined as the CC 50 , which is the concentration sulfated of copolysaccharides that is cytotoxic to 50% of MT-4 cells.
Interaction between Sulfated Octadecyl Glucopyranan and Poly-l-lysine.
Interaction between sulfated octadecyl glucopyranan and poly-l-lysine was determined by a Biacore X100 SPR instrument at 25 ∘ C and used dextran sulfate with potent anti-HIV activity (EC 50 = 0.05 g/mL) as a standard sulfated polysaccharide. Commercially available polyl-lysine (ligand) with the molecular weight of 1000-5000 was used as a model compound of proteins and immobilized on the CM5 sensor chip by an amine coupling method to give 2100 response units (RU), which is an immobilization rate. The sulfated copolysaccharides were dissolved in a HBS-EP manufacturer-supplied running buffer and the solution was passed over the surface of the poly-l-lysine immobilized sensor chip at the flow rate of 30 L/min for 180 sec for association. The running buffer was continuously flowed for a further 600 sec at the same rate for dissociation. The association ( ) and dissociation rate ( ) constants were determined by the 1 : 1 binding model using Biacore-supplied software provided by GE Healthcare UK Ltd. The dissociation constant ( ) was calculated from and .
Measurement. The
1 H NMR (600 MHz) and 13 C NMR (150 MHz) spectra were measured on a JEOL ECX-600 spectrometer in CDCl 3 , D 2 O, or DMSO-d 6 solvents. The temperatures used were 25 ∘ C for the CDCl 3 solvent and 40 ∘ C for D 2 O and DMSO-d 6 solvents, respectively. Specific rotation of benzylated copolymers was recorded in CHCl 3 at 25 ∘ C by means of a JASCO DIP-140 digital polarimeter. Infrared spectra were taken on a Perkin Elmer Spectrum One FT-IR spectrometer using a KBr pellet method. Molecular weight was determined at 40 ∘ C by an organic phase GPC eluted with CHCl 3 equipped with TOSOH TSK-gel columns (7.6 mm × 600 mm × 3) of G3000H XL , G4000H XL , and G5000H XL for benzylated copolymers using polystyrene (Shodex standard 4 International Journal of Polymer Science SM-105) as a reference and by aqueous phase GPC columns (7.6 mm × 300 mm × 3) of G2500PW XL , G3000PW XL , and G4000PW XL , eluted with 66.7 mmol phosphate buffer (pH = 6.68) for water-soluble sulfated copolysaccharides using pullulan as a reference. The samples (2 wt%) were dissolved in CHCl 3 or the phosphate buffer and then injected in the GPC apparatus, respectively. The molecular weight was calculated from the calibration curve of standard polystyrene for CHCl 3 or pullulan for aqueous solvent. The SPR spectrum was measured on a Biacore X100 instrument at 25 ∘ C using a CM5 sensor chip. The dynamic light scattering (DLS) and zeta ( ) potential were performed at 25 ∘ C on an Otsuka Electronics ELSZ-1000ZS zeta potential and particle size analyzer in phosphate buffer solution (pH = 7.4) at the concentrations of 1 mg/mL or 0.5 mg/mL of sulfated polysaccharides and poly-l-lysine, respectively, and the data were analyzed by the maker provided software.
Results and Discussion
Ring-Opening Copolymerization of 2,3,4-Tri-O-benzyl (LGTBE) with 2,4-Di-O-benzyl 3-O-Octadecyl 1,6-Anhydro--d-glucopyranose (LGDBE3-18) Monomers.
The polymerization of the 3-O-octadecyl glucose monomer LGDBE3-18 for the purpose of development of polysaccharide-coated liposomes was already reported by Kobayashi et al. [11] , indicating that the monomer was polymerized with PF 5 as catalyst to give the corresponding (1 → 6)--d-glucopyranoside polymers with high molecular weights.
However, the exact structure of the homopolymers and copolymers has not been reported. Therefore, we examined the copolymerization of LGTBE with LGDBE3-18 and then the structure of the resulting copolymer was investigated by high resolution NMR measurements including 2D NMR.
The monomers were synthesized according to previously reported methods [5, 11] .
Scheme 1 shows the synthesis route of sulfated copolysaccharides. The two monomers in the various feeds were copolymerized with PF 5 as catalyst under pressure below 10 −5 mmHg at −60 ∘ C to give the corresponding copolymers 3 in good yields. After debenzylation with sodium in liquid ammonia to recover hydroxyl groups and then sulfation, sulfated glucopyranans with a long octadecyl group at the C3 position were obtained. The results of the copolymerization are summarized in Table 1 .
The LGDBE3-18 monomer was readily polymerized with PF 5 in 4 h at −60 ∘ C to give the corresponding polymer in 91.8% yield, whose number-average molecular weight ( ) measured by GPC with CHCl 3 as an eluent was high, = 163.1 × 10 3 , as shown in number 8. When the copolymerization with LGTBE and LGDBE3-18 monomers was carried out with PF 5 in the monomer proportions ranging from 3.7 mol% to 70 mol%, the corresponding copolymers were obtained in more than 90% yields. The molecular weights of the copolymers were also high, giving from = 65.7×10 3 to 136. in the 1 H NMR spectra at 3.32 ppm and 3.22 ppm due to the H2 proton in LGTBE and LGDBE3-18 residues, respectively. Figure 1 shows the 1 H NMR spectrum of the copolymer of LGTBE and LGDBE3-18 units in the proportion of 90 : 10 mol% in feed. From the integration value at 3.25 ppm to 3.35 ppm, the proportion of LGDBE3-18 units in the copolymer was calculated to be 4.7 mol% (number 4 in Table 1 ). All 1 H signals were assigned by the H-H COSY spectrum. Figure 2 represents the 13 C NMR spectra of the copolymers in CDCl 3 at 25 ∘ C. Figures 2(a) and 2(f) are spectra of homopolymers of LGTBE and LGDBE3-18 monomers, respectively. The C1 carbon signals appeared at 97.9 ppm in both Figures 2(a) and 2(f) spectra as singlet signals, revealing that the polymers have high stereoregularity. All signals were assigned by the combination of H-H COSY and HMQC 2D NMR measurements. The terminal methyl signal of octadecyl group appeared at 13 ppm and methylene signals also appeared between 22 and 32 ppm. A methylene signal next to oxygen at the C3 position of LGDBE3-18 residue was found to be shifted to a lower magnetic field at 74 ppm. For the copolymers having the 3-O-octadecyl group shown in Figures  2(b) to 2(e) , the carbon signals due to glucopyranose units appeared in almost the same positions as those of homopolymers. With the increase of the proportion of LGDBE3-18 units, the intensity of octadecyl carbon signals and the protective benzyl signal at the C3 position of the LGTBE unit gradually increased and decreased, respectively. The results of the NMR and specific rotations in Table 1 indicate that the homo and copolymers had high stereoregularity and were composed of (1 → 6)-linked glucopyranoside units.
Deprotection of Benzyl Groups in Copolymers.
Removal of benzyl groups from the benzylated copolymers with 3-O-octadecyl groups in proportions below 22.2 mol% was carried out with sodium in liquid ammonia to give OH-free glucopyranans with a 3-O-octadecyl group. The results are shown in Table 2 . The OH-free glucopyranans were insoluble in water and partially soluble in DMSO, so it was impossible to measure their molecular weights and specific rotations. However, the molecular weights of the OH-free glucopyranans were estimated to be relatively high. After debenzylation, the characteristic IR absorptions of large hydroxyl and octadecyl groups appeared at 3413 cm −1 and 2925 cm −1 , respectively, indicating that the substituted octadecyl group at the C3 position still remained. However, the proportion decreased somewhat before debenzylation as measured by NMR, probably because the debenzylation was performed by strong alkaline conditions. Figure 3 exhibits Table 1 . The signals were assigned by a combination of H-H COSY and HMQC measurements.
at 40 ∘ C. The methylene signals due to the protective benzyl group between 70 ppm and 80 ppm disappeared, suggesting that debenzylation proceeded to recover hydroxyl groups without elimination of the octadecyl group, because the 3-O-octadecyl signals appeared between 17 ppm and 33 ppm. The C3 signal due to the 3-O-octadecyl glucopyranoside residue appeared clearly at 82.9 ppm and increased gradually in intensity with the increase in the proportion of the 3-Ooctadecyl group in the glucopyranans. The proportion of the octadecyl group was calculated from the integration values at 3.72 ppm and 0.81 ppm due to the H2 signal of the glucose residue and the terminal CH 3 signal of 3-O-octadecyl group, respectively, in the 1 H NMR spectrum.
Sulfation of 3-O-Octadecyl Glucopyranans and Their Biological Activity.
We reported the anti-HIV activity of sulfated (1 → 6)--d-glucopyranan prepared by the ring-opening polymerization of LGTBE monomer and then debenzylation [8] . Sulfation of glucopyranans with the 3-O-octadecyl group in proportions below 15.7 mol% was performed by piperidine-N-sulfonic acid in DMSO at 85 ∘ C to give sulfated (1 → 6)--d-glucopyranans with a 3-O-octadecyl group. The results are listed in Table 3 .
After sulfation, the sulfated glucopyranans were soluble in water, and their molecular weights were 2.5 × 10 3 -5.5 × 10 3 except number 5 in Table 3 . The molecular weight of sulfated 3-O-octadecyl glucopyranans decreased by sulfation because the procedure of sulfation was performed under acidic conditions. The solubility of number 5 sulfated glucopyranan in water was low probably because the degree of sulfation was low and the molecular weight should be relatively high. Figure 4 shows the 13 C NMR spectrum of the sulfated glucopyranan with 3-O-octadecyl group in the proportion of 2.8 mol% and the molecular weight of = 5.1 × 10 3 (number 1 in Table 3 ). After sulfation, signals broadened and shifted to a lower or higher magnetic field, suggesting that the sulfate group was introduced into the hydroxyl groups of the glucopyranoside units. The C1, C3, and C5 signals due to glucopyranoside residue appeared at 97 ppm, 79 ppm, and 66 ppm, respectively. The C2, C4, and C5 signals appeared between 69 ppm and 77 ppm. The terminal methyl signal due to octadecyl group appeared at 14. carbon to sulfur in the elemental analysis as shown in Table 3 .
In the FT-IR spectra, the large absorption of hydroxyl groups still remained after sulfation because the sulfate groups were introduced into the hydroxyl groups in the proportion below 1/3. The large absorption due to sulfate group appeared at 1261 cm −1 . The results of anti-HIV activity of sulfated 3-O-octadecyl glucopyranans are also listed in Table 3 , indicating that the dextran and curdlan sulfates with a high degree of sulfation used as a standard had potent anti-HIV activity. A sulfated 3-O-octadecyl glucopyranan with a lower degree of sulfation (number 5) and low solubility in water had lower anti-HIV activity. However, a water-soluble sulfated 3-O-octadecyl glucopyranan with = 5.1 × 10 3 had high anti-HIV activity at concentrations as low as 0.05 g/mL (number 1), even though the sulfated glucopyranan had a low molecular weight. Other sulfated 3-O-octadecyl glucopyranans had high anti-HIV activity. Previously, we reported the effect of the relationship between the molecular weight and the long alkyl group on the anti-HIV activity of sulfated ribofuranans. A sulfated ribofuranan with = 6 × 10 3 showed low anti-HIV activity with an EC 50 = 68.6 g/mL. After introduction of an octadecyl group, the anti-HIV activity increased to EC 50 = 0.6 g/mL and 2.5 g/mL for sulfated octadecyl ribofuranans with = 6 × 10 3 and = 3 × 10 3 , respectively. Therefore, we considered that sulfated 3-O-octadecyl glucopyranans with lower molecular weights had high anti-HIV activity. A sulfated 3-O-octadecyl glucopyranan with the low molecular weight of = 2.5 × 10 3 had, in fact, high anti-HIV activity at concentrations as low as 1.25 g/mL (number 4 in Table 3 ). The introduction of the long alkyl group increased anti-HIV activity of sulfated polysaccharides with lower molecular weights [14] . The mechanism is still unclear. We have continuously investigated the effect of long alkyl chain on anti-HIV activity.
Interaction of Sulfated 3-O-Octadecyl Glucopyranans
with Poly-l-lysine. The interaction between sulfated 3-Ooctadecyl glucopyranan having = 5.1 × 10 3 and DS = 1.03 and poly-l-lysine as a model protein was quantitatively analyzed by using SPR. Figure 5 shows the binding curves of measuring, all samples were subjected to ultrasonication for 5 min. c Commercially available poly-l-lysine (1 mg/mL or 0.5 mg/mL) with the molecular weight of 1000-5000 was used. The particle size and zeta potential were 40.7 ± 6.9 nm and +0.41 mV, respectively. the sulfated 3-O-octadecyl glucopyranan in the concentration range of 0.31-5.0 g/mL on a commercially available polyl-lysine with the molecular weight of = 1000-5000, which was immobilized on the CM5 sensor chip at the concentration of 2100 RU. The interaction was compared to that of dextran sulfate, a standard sulfated polysaccharide with potent anti-HIV activity as shown in Table 3 . Table 4 4 also represents the particle size and zeta ( ) potential of the sulfated 3-O-octadecyl glucopyranans in the absence and the presence of poly-l-lysine in phosphate buffer solution (pH = 7.4). The particle size of the sulfated 3-O-octadecyl glucopyranans with higher DS remarkably increased with addition of poly-l-lysine compared to those with lower DS, indicating that the DS of sulfated 3-Ooctadecyl glucopyranans contributed to the interaction with poly-l-lysine. The absolute value of the potential of the sulfated 3-O-octadecyl glucopyranans decreased after addition of poly-l-lysine probably because the sulfated 3-O-octadecyl glucopyranans with poly-l-lysine were in an aggregate state. These results of SPR and DLS suggest that the interaction was attributable to the electrostatic interaction between the negatively charged sulfate groups of the sulfated 3-Ooctadecyl glucopyranan and the positively charged amino groups of poly-l-lysine. In this interaction, the long octadecyl group was independent and the participation of the long alkyl chain in anti-HIV activity was still unclear. However, we previously reported that introduction of a long alkyl chain into sulfated ribofuranans with low molecular weights and oligosaccharides, respectively, increased anti-HIV activity as high as that of standard curdlan sulfate and dextran sulfate with higher molecular weights and high anti-HIV activity. Therefore, we have continuously investigated the synergistic role of the long alkyl chain in anti-HIV activity. By using the hydrophobicity of the octadecyl group of the sulfated 3-Ooctadecyl glucopyranan, we will develop a new biomaterial that has entrapment functionality for viruses such as HIV, influenza, and Dengue depending on the hydrophilic sulfated polysaccharides immobilized on the hydrophobic surface.
Conclusions
In conclusion, sulfated 3-O-octadecyl glucopyranans were prepared by the ring-opening copolymerization of benzylated 1,6-anhydroglucose and 3-O-octadecyl 1,6-anhydroglucose monomers and subsequent debenzylation to recover hydroxyl groups and sulfation. The structure of the 3-Ooctadecyl glucopyranans was determined by using high resolution NMR measurements. It was preliminarily found that sulfated 3-O-octadecyl glucopyranans with low molecular weights had high anti-HIV activity and fast association and slow dissociation constants on poly-l-lysine as a model compound of proteins by using SPR measurement. The octadecyl group could be independent of the binding of the sulfated glucopyranans to poly-l-lysine; however, it could produce hydrophobicity around HIV to enhance the activity. We continue to investigate the anti-HIV mechanism of sulfated polysaccharides with long alkyl groups and development of a new biomaterial with a virus-capturing function by utilizing the amphiphilic interaction of hydrophilic sulfated polysaccharides and hydrophobic long alkyl groups.
